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Abstract 
A two-stage (macro-micro) finite element analysis of composite structure is presented in this paper. A global-local (meso) 
modeling method is proposed in order to reduce the computational effort usually required to analyze such structures. The loading 
of the micro-cell is obtained from the macro model. To apply an appropriate mesh in the global model the strain energy in a beam 
under pure bending moments is calculated and then compared with the numerical results. The simulation of the three-point 
bending test of CFRP (carbon fibre reinforced polymer) is presented as an example of the use of the developed algorithm. 
Standard elements from the commercial FEM analysis software package Marc are used to perform the non-linear stress analysis. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
The finite element method (FEM) can be efficiently used for the analysis of composite laminates structures. 
Although the existing laminated plate theories enable the analysis of global structural behavior, they do not allow 
accurate prediction of local behavior [1]. Continuum-based theories are able to consider fiber-matrix interaction, but 
the computational cost is very high. Therefore, a number of global-local approaches have been proposed by many 
authors [2-7] and applied to various engineering problems. 
2. Problem statement 
The behavior of a micro cell made of epoxy resin unidirectionally reinforced by carbon fibers is analyzed using 
the proposed macro-micro approach. The boundary kinematic conditions of the micro cell nodes are calculated, 
based on the results obtained from the three-point bending test. To obtain accurate results the global model mesh 
should correspond to the cell in the micro-scale model. The strain energy of a beam in pure bending is studied in 
order to define the appropriate mesh size in the global model. The beam is sectioned and equilibrium analyses are 
applied on the resulting “slices”. The bending moment distribution is also plotted in Fig. 1a, while the cross-section 
dimensions and layers distribution are plotted in Figs. 1b and 1c. 
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The strain energy for a slice of the beam, of width dx, is found from equation (1): 
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where Ua is the strain energy, Φ the total strain energy density, V the element volume, My the bending moment, F 
the force, E the Young modulus, and Iy the second moment of area. 
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Fig. 1 a) Bending moment diagram, b) overall cross section, c) beam cross section showing the layered structure. 
The commercial packages Msc. Patran and Marc Mentat are used to prepare a model and perform a nonlinear 
stress analysis. The numerical model of the specimen is obtained by meshing the beam using three-dimensional 
composite elements. Those eight-node composite brick elements allow defining the layer-by-layer material 
parameters, layer thickness, and orientation angles for a laminated composite material. The element is integrated 
using a numerical scheme based on the Gauss quadrature. Each layer contains four integration points. The mass 
matrix of this element is formed using eight-point Gaussian integration. Second Piola-Kirchhoff stresses and Green 
strains are output at each integration point. Each laminate element is studied using Classical Lamination Theory, 
and, therefore, each composite layer is in the state of plane stress. Local damage and failure within individual layers 
are not considered in this analysis. The analysis of failures at microscopic level under different loading conditions 
(including thermal loading) requires a micro-scale model. Therefore fully three-dimensional finite element models 
of fiber and matrix assemblies are usually adopted. Furthermore, the total computational time required to complete 
such simulations increases drastically if fibre-matrix interfacial behaviour is incorporated. Therefore, here, a meso-
scale modeling method is proposed: 3-D beam elements with an appropriate beam section property are used to 
generate fibers models. The resin model is generated with 3-D brick elements. The mass matrix of applied beam 
element is formed using three-point Gaussian integration. The element uses one point integration scheme which 
leads to the exact results in terms of bending stresses and a reduced integration scheme for shear stresses [8]. 
3. Macro scale approach 
A specimen is subjected to a three-point bending test.  
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Fig. 2 a) Symmetric part of three-dimensional model of three-point bending test; b) Location of the brick elements 
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Fig. 2a shows the geometry and boundary conditions of the problem under consideration. The finite element 
mesh contains 444 nodes and 180 eight-node, isoparametric composite brick elements. A composite specimen with 
eleven layers is formed using carbon fibers and epoxy resin, whose elastic properties are defined in [9]. The 
orientation of the fiber in all layers is 90º. The second moment of area with respect to neutral plane x-y for the 
rectangular specimen cross section (Fig. 1c) is 6.75 mm4. The value of the second moment of area, Iy, with respect to 
the neutral plane x-y for one (single) brick element cross section 3x0.3 mm2 is 0.675 mm4. The total strain energy in 
a beam under pure bending moments, Ua, as calculated from Eq. 1, is divided by the strain energy obtained for a 
single finite element, Un. The results are shown in Fig. 3a. 
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Fig. 3 a) Normalized strain energy from analytic (Ua) and numerical (Un) evaluation. 
4. Meso-scale approach 
The composite material is represented, at the lower scale, by periodiccells which consist of fibers and matrix. 
39296 brick elements are used to create the micro-scale model of unit cells as reproduced in Fig. 4a. If the fibers are 
generated as a row of beam elements (two-node) as depicted in Fig. 4b, the model contains only 14976 brick and 
beam finite elements. 
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Fig. 4 a) Micro-scale model, b) Contact regions, c) Meso-scale model 
The contact problem is also modeled (Fig. 4b) when imperfect bonding between fibers and matrix is considered.  
The loading and boundary conditions for the micro- and meso-scale cells are defined on the basis of the results 
from macro scale. The displacements are calculated according to the position and dimension of the analyzed cell. 
The displacements are the kinematic loading of the cell surface. Interpolation is used to determine the components 
of displacement across the height of the micro cell surface. The value of the nodes displacements are a function of 
the node y coordinate: u = -5E-09y + 8E-06, v = -2E-08y + 3E-05, w = -3,95E-09y - 7,81E-04. The results from 
micro-scale and meso-scale analyses are compared in order to validate the proposed method. 
Each value of a displacement component for two corresponding nodes of fiber and resin on the interface surface 
are divided by each other and plotted in Fig. 5a for 100 increments (1 on increment axis) of the loading.  
 
T. Niezgoda, A. Derewon´ko / Procedia Engineering 1 (2009) 209–212 211
 Niezgoda T., Derewonko A./ Procedia Engineering 01 (2009) 000–000 
0,6
0,7
0,8
0,9
1,0
1,1
1,2
1,3
0 0,2 0,4 0,6 0,8 1
Increment
m
ic
ro
/m
es
o
Resin X Comp
Resin Z Comp
Fiber X Comp
Fiber Z Comp
    
m icro/m eso
0
10
20
30
40
0 0,5 1
Increment
%
left m iddle right
 
a b 
 
Fig. 5 a) Displacement from micro and meso analyses; b) Total strain for edge nodes 
5. Conclusion 
This paper aims at presenting multiscale method to study composite structures. The global model is utilized to 
obtain displacements to be applied to the local cells. Brick elements with the composite properties are used. The 
microstructure is generated by brick elements for the resin and beam elements, of appropriate beam section, for the 
fiber in the meso-scale model. The number of elements and nodes used in the meso-scale approach is approximately 
60% lower than in the micro-scale model. The results for each increment of loading are determined for 
corresponding nodes of a fibre/matrix interface. The total strain for edge nodes on a neutral axis for the nearest row 
of fibres is also compared for both models and is shown in Fig. 5b. The differences are about 10% for external fibres 
and about 30% for the fibre in the middle of the row. Those differences depended on loading value.  
This method allows analyzing a three-dimensional structure made of composite materials with different 
orientation of the fibres in a reasonable amount of time. Explicit modeling of the fiber/matrix interface allows 
determining the location of the crack initiation.  
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